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PROGRESS REPORT  
1. General scientific goals: unchanged 
2. Studies and results  
In accord with the emphasis indicated on page 2., much of 
the work during the current reporting period has been directed 
toward trying to understand diffusion in the channels and various 
factors which might affect it. A report of That work comprises 
part 1 of the following three part report: 
(1)Motion in the Channels 
(2)CO, in Apatite and Tooth Enamel 
(3)Substitutions in Apatites and Related Compounds. 
(There are, of course, many such substitutions in tooth enamel 
apatite). 
la. F effect on diffusion. As has been reported previously, 
both short and long term studies have been carried out on the 
effect of F on diffusion along the channels, as measured by 
"deuterizability". Synthetic apatite made by the "reflux" method 
(hydrolysis of CaHP0,) has been used for most of the studies 
because, like tooth enamel (TE), it contains both acid phosphate 
and structurally incorporated molecular water. Our early studies 
pointed clearly to strong effect (diminution), but our extended 
studies involving many samples have resulted in an ambiguity 
which is yet unresolved. In the gross data, about half of the 
samples seem to show a significant inhibitive effect of the 
fluorine while the other half show none. To analyze the data 
properly, it is necessary to take into account the sizes and 
shapes of the individual particles. That may turn out to be a 
formidable task. During the reporting period, we have gathered 
full single-point BET surface area data on the specimens and the 
distributions of length/width ratios (from measurements on 
scanning electron micrographs) on representative samples. We are 
searching for a simple but acceptable way to incorporate this 
information in a data analysis method that will yield the true 
comparative deuteration rates. At the same time, other studies 
of motions in the channels have progressed much better. 
lb. TSC studies. It was reported last time that the method 
of thermally stimulated currents (TSC) had been applied to 
apatites for the first time and that the results were very 
promising (see paper P1.). Dr. Hitmi (our collaborator) has now 
obtained TSC data for 11 apatites, including hydroxyapatite both 
with and without substitutions of chlorine, fluorine, and OD for 
OH. There clearly are reorientable electric dipoles at room 
temperature and they do become more readily reorientable with 
increasing temperature. Distributions of activation energies and 
relaxation times have been deduced from the data. It is expected 
that these will become important parameters in any successful 
mathematical model of diffusion along the channels. 
Dr. Hitmi's thesis is rich with information that can be 
combined with information we have developed, and can develop, to 
produce new insights into apatites and tooth enamel. We expect 
to continue our collaboration with Dr. Hitmi to this end. 
At the same time, Dr. Lacabanne's group in Toulouse (where 
Dr. Hitmi did her thesis) continues to collaborate with us and is 
currently developing TSC data on specimens of human tooth enamel 
supplied by us. The first, rather preliminary, results will be 
presented in our joint paper at the IADR meeting in Las Vegas, 
March, 1985. By the end of the summer, it will easily be time to 
prepare, jointly, the first paper for publication on TSC studies 
of human tooth enamel. 
lc.  Phase  transition. There is developing evidence from 
the TSC studies, from the x-ray and dielectric studies of Rausch 
(1976), and the behavior of the OH librational band, in the 
infrared spectrum, with temperature that the reported monoclinic 
to hexagonal phase transition near 200 0 C in hydroxyapatite and 
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phase transition is actually driven by the increased thermal 
energy of some other atom in the structure. If that is the case, 
then the motion of these other atoms must also affect diffusion 
in the channels. 
ld.Neutron diffraction study of motions. We therefore 
collected high resolution neutron powdered diffraction data (at 
the Institut Laue-Langvin in Grenoble) on a deuterated reflux 
hydroxyapatite specimen at temperatures up to and through the 
reported phase transition temperature. We also collected room 
temperature data on an undeuterated reflux specimen and another 
hydroxyapatite prepared by high temperature methods in deuterated 
form. 	(The deuteration is desirable because of the large 
incoherent scattering cross section of hydrogen for thermal 
neutrons, which greatly increases the undesired background 
scattering.) With extensive Rietveld structure refinements, we 
have found no evidence for the OH ions becoming able to flip over 
(reorient) independently at the -200°C phase transition. 
Unfortunately, the standard deviations are too large to 
let us resolve all of the detail that we had hoped for in a 
straight forward structure refinement approach. As a 
consequence, we must work with one small part of the structure at 
a time and accept the risk that the results may be compromised by 
correlations with other parts of the structure. With this 
approach, we started systematically to "inquire" of the data 
whether some anisotropic thermal motions of either the Ca(1) or 
Ca(2) may be directly responsible for the phase transition and, 
therefore, for the reorientation of randomly chosen strings of 
OH's (or Cl's) at the -200° phase transition. 
We would like to have more and better neutron powder 
diffraction data which would yield more significant detail in the 
structure refinements. Whether we will be able to do that is 
debatable. We have already been fortunate to have had the use of 
the then'currently best neutron diffraction instrument in the 
world, for the collection of the data just discussed. 
Ie. "Hot  bands". We have undertaken a systemmatie study 
of the thermal behavior of the infrared hydroxyl bands (stretch, 
libration, and translation) to above 450°C. A so called "hot 
band" at about 3540cm ' has been reported in the literature. 
This is, presumably, an OH stretch frequency shifted from its 
normal 3570cm ' frequency by some OH ions finding a slightly 
different environment. The reported "hot band" is reversible. 
It occurs at essentially the same frequency as the fluorine 
perturbed OH stretch. We have found this "hot band" to be 
generally present and reversible, as reported, in hydroxyapatites 
but we do not find it in TE. Further, in two specimens we find 
the room temperature intensity of the 3540cm 1 band much too 
large to be explained by the amount of fluorine shown to be 
present by specific-ion-electrode measurements. A paper 
reporting our present results will be presented at the IADR 
meeting in Las Vegas, March, 1985. 
1f.  Carbonate. 	Our collaborative work with Dr. M. Vignoles 
in Toulouse has produced reasonable models for some of the 
"extra" infrared bands seen in the carbonate region of the 
spectrum between 1410 and 1570cm '. The new idea is that the 
CO: ion has distinguishably different vibrational frequencies 
(ix.) according to whether it is accompanied by a vacancy or an 
F when it replaces a phosphate and whether it is neighbor to a 
vacancy an OH, or an F when it is in the channels (A site). Two 
joint-authorship papers should result from this work. One is now 
in preparation and the second will certainly benefit from face to 
face work on it planned for the first two weeks in September in 
Toulouse. 
It was reported more than 20 years ago (e.g. Elliott, 1964) 
that a small fraction of the CO: in TE appeared to be in the A 
sites (i.e., in the channels). During this reporting period, we 
have attempted to quantitate that observation. With a TE 
specimen first heated to remove all carbonate and then 
recarbonated (A sites only), we have used a double beam i.r. 
Instrument to balance out the amount of A-site CO, in untreated 
tooth enamel. We find that 11 (1)% of the CO, present is in the A 
sites. A paper on this work is now being accepted for 
publication (P3). 
3. Substitutions in Apatites and Related Compounds. As is 
well known, the apatite in TE contains many minor substitutions 
for some of the atoms present in hydroxyapatite. It would, of 
course, be desirable to know exactly how each of these 
substituting ions affects it's immediate atomic environment in 
the crystal structure and how that, in turn, affects some easily 
measurable feature. In a collaborative effort with J. LaCout 
(Toulouse) and A. Hewat (Grenoble) we have been able to do this 
for Mn substituted at the level of about 3/8 atom per unit cell 
for calcium fluorapatite. With Rietveld structure refinements 
from neutron diffraction data, we have shown that the Mn 
substitutes (in specimens prepared this way) only for the Ca(1) 
ions, where it substitutes in a subset of such sites, thereby 
lowering the crystal structural symmetry and rotating the 
adjacent phosphate tetrahedra a bit. One Mn per cell interacts 
with, and thus rotates slightly, all six phosphate tetrahedra per 
cell. Thereby, the complete shift of they, phosphate i.r. 
frequency at 968 cm I to 959cm by one Mn per cell is explained, 
as is the reluctance of the structure to accept more than one Mn 
per cell. 
M. Taitai and J. LaCout in Toulouse have prepared a number 
of apatites in which the contents of the channels were varied 
from S 2 to zero by controlling the amount of europium substituted 
for calcium in the structure. With Rietveld x-ray structure 
refinements we have shown that the europium substitutes only for 
the Ca(2) and that the S occupies positions at 0,0,1/2 in the 
channels. These results, which are probably publishable as is or 
with only a little more work, are probably relevant to dental 
research as a contribution to the general understanding of the 
seemingly nearly infinite ability of apatite to accommodate 
substitutions. 
4. Future  work. The work to be carried out during the next 
period is well foreshadowed by that reported here. A strong 
component will be our collaborative efforts with Dr. LaCabanne's 
group (TSC of TE) and Prof. Bonel's group (carbonate in apatite, 
other substitutions) in Toulouse, with Dr. Hitmi in Rabat (TSC, 
dielectric, and other physical studies of apatites with and 
without substitutions) and, possibly, Dr. Hewat in Grenoble (for 
more highest-quality neutron diffraction work). In our own 
laboratory, we will continue our studies of motions of various 
ions in the channels and the possible influences of out-of-
channel ions on those motions. To this end, we are currently 
starting to collect further single-crystal x-ray diffraction data 
on chlorapatite as a function of temperature so that we may first 
study the effect of the changing thermal vibrational amplitudes 
of ions of one kind on those of other kinds. If that work turns 
out well, we may try to do a similar thing with the one or two 
monoclinic single crystals of hydroxyapatite which we have 
available. The purpose, as stated in the body of this report, is 
to disclose probable room temperature (or 37°C) effects of out-
out-channel ions on activities such as diffusion within the 
channels. 
